This paper discusses the relationship between ozone concentration and photoresist removal rate, and the removal of ion-implanted photoresists using high concentration wet ozone. The photoresist removal rates increased linearly with increasing ozone concentration. We achieved 3.84μm/min in ozone concentration of 30vol%. This value is four times as fast as the photoresist removal rate which is expected in a semiconductor manufacturing process. In ozone concentrations of 10vol% and 30vol%, the photoresist into which B ions were implanted with a dose of 5×10 14 atoms/cm 2 at acceleration energy of 70keV was removed. In ozone concentration of 30vol%, the ion-implanted photoresist removal rate was twice as fast as that of ozone concentration of 10vol%.
Introduction
In semiconductor manufacturing, there is an ion implantation process, in which 13 and 15 group elements are implanted to a substrate. In this process, the resist plays the role of a mask, and ions are implanted to the resist also. It is difficult to remove the ion-implanted resist, because the resist is hardened, and denatured by the implanted ions [1] [2] [3] [4] .
Resist removal from substrates in a semiconductor manufacturing process conventionally makes use of oxygen plasma and/or chemicals such as sulfuric acid hydrogen peroxide mixture (SPM) and ammonia hydrogen peroxide mixture (APM). These environmentally unfriendly chemicals are used in large amounts and so cause environmental damage [5, 6] .
As method of not using those chemicals, ozone with high oxidation potential is expected to remove the resist and organic residue. However, the resist cannot be removed using ozone alone. The dry process using ozone requires temperatures higher than 250℃ in order to generate oxygen radicals from the ozone by thermal decomposition. From this reason, the process using ozone may oxidize substrates and metal wiring [7] [8] [9] .
Therefore, we proposed a photoresist removal method using low-temperature wet ozone environmental friendly. In the photoresist removal by wet ozone process, ozone gas mixed with a little water was irradiated to the resist. The photoresist is decomposed to a carboxylic acid by the ozone and the condensed water, and is removed from substrate [10] [11] [12] . Therefore, wet ozone can remove photoresist at the temperature of below 100 ℃ because this method need not to generate oxygen radicals.
In this paper, we investigated the high rate removal of photoresist and the removal of ion-implanted photoresist using high concentration wet ozone.
2. Experimental 2.1. The relationship between photoresist removal rate and ozone concentration Figure 1 presents a diagram of the experiment apparatus for wet ozone. Ozone/oxygen gas mixed with a little water (wet ozone) was generated by bubbling ozone gas through hot water. Also, a little water condenses on the resist due to the difference in temperature (T=T 1 -T 2 ) between wet ozone (T 1 ) and the Si wafer (T 2 ). The amount of water condensed on the resist is controlled by adjusting this temperature difference [13, 14] . Figure 2 presents the chemical reaction of carbon-carbon double bonds (C=C double bonds) with ozone and the hydrolysis of ozonide. In resist removal using wet ozone, the C=C double bond in the benzene ring of the resist reacts with the ozone, and ozonide is generated. Ozonide is hydrolyzed and generates carboxylic acid [15] . Finally, the carboxylic acid is washed down from the Si wafer by pure water (rinse).
We used a cresol novolac resin/ diazonaphthoquinone (DNQ) photoresist (AZ6112; AZ-Electronic Materials). This resist was spin-coated onto an 8 inch Si wafer using a spin coater at 2000 rpm for 20 s, and was prebaked at 100 ℃ for 1 min on a hotplate. The film thickness of photoresist was measured using a stylus-type surface profile instrument (DekTak 6M; ULVAC), and initial film thickness was approximately 1.0μm.
In this study, three processes having wet ozone irradiation, pure water washing, and drying were performed to the same photoresist. After these processes, film thickness of photoresist was measured again using stylus-type surface profile instrument. O 3 /O 2 gas was generated using high concentration ozone generator (HAP-3024; Iwatani corp.). The wet ozone irradiation was carried out for 10s at substrate revolution of 2000rpm. The pure water washing was carried out for 5s at 2000rpm, and drying was carried out for 20s at 1000rpm. The ozone gas flow rate was 7.5slm, the wet ozone temperature was T 1 =70℃, and the Si wafer temperature was T 2 =60℃. The ozone concentrations (O 3 /O 3 +O 2 ) were 0, 5, 10, 15, 20, 25 and 30vol%.
The removal of ion-implanted photoresist using high concentration wet ozone
We investigated the removal of ion-implanted photoresist using high concentration wet ozone. Ozone concentrations were 10 and 30vol%, and O 3 /O 2 gas flow rates were 12.5slm (ozone concentration: 10vol%) and 7.5slm (ozone concentration: 30vol%).
Wet ozone irradiation time, wet ozone temperature and substrate temperature were same as for the §2.1.
B, P and As ions were implanted into the cresol novolac resin/DNQ photoresist with a dose of 5×10 14 atoms/cm 2 and an acceleration energy of 70keV.
The removal of photoresist using wet ozone would be affected by photoresist stripping from substrate. It is considered that ion-implanted photoresist is composed of two layers consists of hardened layer and non-implanted layer. Non-implanted layer (lower layer) dissolves easily. Therefore, influence of dissolution of photoresist from the surface and influence of stripping from substrate are included to removal rate of ion-implanted photoresist. The dissolution of photoresist from the surface was evaluated by measuring film thickness using a stylus-type surface profile measurement instrument. The stripping from the substrate was evaluated by the substrate surface observation using optical microscope (ECLIPSE L150; Nikon). The relationship between photoresist removal rate and ozone concentration Figure 3 indicates the relationship between ozone concentration and photoresist removal rate. The photoresist removal rate increased linearly with increasing ozone concentration. We achieved 3.84μm/min in ozone concentration of 30vol%. This value is four times as fast as the photoresist removal rate which is expected in a semiconductor manufacturing process (=1.0μm/min). It is considered that the ozone molecules which react to photoresist increase with increasing ozone concentration. Therefore, the photoresist removal rate would conform to equation (1) .
(1) where, v rmv is the photoresist removal rate, [O 3 ] is the ozone concentration, and [R] is the photoresist concentration. The removal of ion-implanted photoresist using high concentration wet ozone Figure 4 plots the film thickness of photoresist as a function of wet ozone irradiation time. Ozone concentration was 10vol%. The film thickness of B ion-implanted photoresist decreased with increasing wet ozone irradiation time. B ion-implanted photoresist was removed by the dissolution of photoresist from the surface. Also, film thickness decreased slowly at surface layer, whereas the lower layer was removed faster than photoresist surface. It is considered that the hardened layer is formed at surface layer by ion implantation, and lower layer does not affected by ion implantation. On the other hand, film thickness of P and As ion-implanted photoreists were not decreased. Therefore, it can be said that the dissolution of photoresist from the surface was not occurred. It is considered that the hardness of P, As ion-implanted resist is harder than B ion-implanted resists. Figure 5 plots the film thickness of photoresist as a function of wet ozone irradiation time. Ozone concentration was 30vol%. The ion-implanted photoresist removability was almost same with film thickness of the ozone concentration of 10vol%, only B ion-implanted photoresist decreased. The B ion-implanted photoresist removal rate in ozone concentration of 30vol% was twice as fast as that of 10vol%. It is considered that the ozone molecules which react to photoresist increase with increasing ozone concentration. Figure 6 presents the optical microscope images of B, P, As ion-implanted resists. Ozone concentration was 30vol%. All ion-implanted photoresists was removed. As an appearance of the removal, crack occurred at photoresist surface at initial wet ozone irradiation step. The crack portion was removed with increasing wet ozone irradiation time. The photoresist surrounding crack stripped after crack portion was removed. Ozone can react with lower layer of ion-implanted photoresist after crack portion removing. Ozone can dissolve lower layer of ion-implanted photoresist because the lower layer of ion-implanted photoresist was not affected by implanted ions [6] .
From these results of optical microscope observations, B ion-implanted photoresist is removed at 120sec, P ion-implanted photoresist is removed at 660sec and As ion-implanted photoresist is removed at 840sec. Therefore, it can be said that high concentration wet ozone (30vol%) can remove regardless of ion species the ion-implanted photoresist which cannot remove by low concentration ozone of 10vol%.
In removability of ion-implanted photoresists by ozone concentration of 30vol%, B ion-implanted photoresist was removed by both dissolution of photoresist from the surface and stripping from substrate, whereas P, As ion-implanted photoresists were removed by only stripping from substrate.
Conclusion
We investigated the high rate removal of photoresist, and ion-implanted photoresist (B, P, As implanted with a dose of 5×10 14 atoms/cm 2 at acceleration energy of 70keV), using high concentration wet ozone (5~30vol%). 1) The photoresist removal rate increased linearly with increasing ozone concentration. In ozone concentration of 30vol%, we achieved 3.84μm/min of photoresist removal rate. This value was four times as fast as the photoresist removal rate which is expected in a semiconductor manufacturing process.
2) The removal rate of B ion-implanted photoresist by ozone concentration of 30vol% was twice as fast as that by ozone concentration of 10vol%. It was considered that the ozone molecules which react to photoresist increase with increasing ozone concentration.
3) It can be said that high concentration wet ozone (30vol%) can remove regardless of ion species the ion-implanted photoresist which cannot remove by low concentration ozone of 10vol%. 4) The result of optical microscope observations in ozone concentration of 30vol%. B ion-implanted photoresist was removed by both dissolution from photoresist surface and stripping from substrate, whereas P, As ion-implanted photoresist was removed by only stripping from substrate.
